• 2Cu-Fe/72γ-Al 2 O 3 performs excellent for DME steam reforming • The intermittent microwave irradiation provides a rapid method for Cu-Fe/γ-Al 2 O 3 synthesis • Adjusting micro-irradiation on and off time can effectively control the crystallite size of CuO • Ferric oxide particles are active in water-gas shift reaction, which lower CO concentration
DME is an excellent process to produce hydrogen and an attractive route to provide hydrogen as fuel cells on a small or medium scale. An integrated system of DME steam reforming (Eq. (1)) for hydrogen generation usually involves two consecutive processes: the DME hydrolysis (Eq. (2)) and the MeOH steam reforming (Eq. (3)). Besides, the reverse water--gas shift reaction (Eq. (4)) takes place. Generally, a solid acid catalyst such as γ-Al 2 O 3 , HZSM-5, zeolites, Ga 2 O 3 or ZrO 2 is needed to catalyze the hydrolysis of DME, whereas Cu-, Pt-, Ru-, Pd-, and Ni-based catalysts are used for MeOH steam reforming [4] [5] [6] [7] [8] [9] . Consequently, suitable metallic and acid components are required to synthesize the bi-function catalyst for high DME conversion, high H 2 selectivity and high stability. DME steam reforming: 
DME steam reforming bi-functional catalysts can be prepared by several methods including mechanical mixing [10, 11] , deposition-precipitation [12] and solgel [13] . The mechanical mixing method has been applied in CuZnAlX/HZSM-5 (X = Cr, Zr, Co or Ce) for hydrogen production from steam reforming of DME in our previous work [10, 11] . The microwave technology has been used to prepare catalyst material, which reduced the preparation time and optimized the crystallization [14, 15] . Li et al. used microwave irradiation method in the aged process that give great benefits to both activity and stability of Cu/ZnO/Al 2 O 3 catalyst [16] . In intermittent microwave irradiation (IMI) technique, the irradiation on and off, are alternatively performed at controllable temperatures. Compared with the conventional and continuous microwave heating technique, IMI is much easier to control the heating temperature for crystallization and provide relaxation time to protect the particle growth. Here we propose a rapid synthesis method based on the IMI technique for preparing the metal based catalyst Cu-X (X = Fe, Co, Ni) supported on the most commonly used acid function γ-Al 2 O 3 as the acid catalyst for DME steam reforming of hydrogen generation. To improve the catalytic performance, effects of irradiation procedure, ratio of metal to γ-Al 2 O 3 and experimental condition were investigated in details.
EXPERIMENTAL
Catalyst preparation 2Cu-X/9γ-Al 2 O 3 (X = Fe, Co, Ni) with a Cu: X: γ-Al 2 O 3 , mole ratio of 2:1:9, was prepared by the impregnation method: an aqueous precursor containing Cu(NO 3 ) 2 , X(NO) n (X = Fe, Co, Ni) and γ-Al 2 O 3 powder was made at room temperature and then was processed in the microwave (FT-2KW, Guangzhou Futao microwave equipment co. ltd at 2 kW). IMI was in the pulse form of 5 s-on and 5 s-off for 20 times (2Cu-Fe/9γ-Al 2 O 3 , 5 s). The catalyst was dried at 110 °C for 12 h and calcined at 400 °C for 5 h.
Effects of the microwave irradiation procedure were investigated by the different irradiation times with a total irradiation time of 100 s, irradiation and relaxation time remain the same ratio of 1:1. 2Cu-Fe/ /9γ-Al 2 O 3 (0 s) meant that no microwave irradiation was applied. 2Cu-Fe/9γ-Al 2 O 3 (20 s) was heated by intermittent microwave in the pulse form of 20 s-on and 20 s-off for 5 times. 2Cu-Fe/9γ-Al 2 O 3 (50 s) was heated in the pulse form of 50 s-on and 50 s-off for 2 times.
Catalyst characterization X-ray diffraction (XRD) analysis was performed in the PANalytical X'Pert diffractometer (X'Pert PRO MPD, PW3040/60) within the 2-θ ranged from 20 to 80° by a speed of 2° per min with Cu-Kα (λ = = 0.154060 nm) radiation (40 kV, 40 mA). The crystallite size of CuO and Fe 2 O 3 was calculated by the Sherrer equation on the basis of the data of the line broadening at half the maximum intensity (full width at half-maximum, FWHM) and the Bragg angle (θ). The Brunauer-Emmett-Teller (BET) specific surface was determined from the adsorption and desorption isotherms of nitrogen at -196 °C after outgassing procedure under vacuum at 250 °C for 20 h, using a Quantachrome SI-MP-10/PoreMaster 33. The catalyst was characterized by the Scanning electron microscope (SEM) with a S-4800 instrument at 2.0 kW. Hydrogen temperature-programmed reduction (H 2 -TPR) was carried out to estimate the reduction performance of the catalyst by Quantachrome ASIQACIV200-2. H 2 -TPR was conducted in the following method: 100 mg of a powder sample was heated at a rate of 10 °C/min up to 120 °C in helium atmosphere and kept for 1 h. The sample was cooled down to 40 °C in the He atmosphere, and then followed by a pure hydrogen flow for 1 h. Subsequently, H 2 -TPR was initiated by a heating rate of 10 °C/min up to 750 °C. The consumption of hydrogen was determined by a Thermal conductivity detector (TCD) and recorded by an online computer.
Catalytic reaction and analyses of the products DME steam reforming was executed in a benchscale fixed-bed reactor (a quartz tube with inner diameter of 20 mm) under ambient pressure. The fixedbed reactor consists of a gas supplier, a catalyst reaction part, an analyzer, and a controller, as shown in Figure 1 . The catalyst was placed in the quartz tube and was heated by an electric furnace equipped with a temperature controller. The catalyst (m = 2 g) was reduced in 5 vol.% H 2 in N 2 , heating rate of 10 °C min -1 from room temperature up to 400 °C for 4 h, then the system was balance with N 2 for 1 h at the same temperature. Standard reaction conditions for DME steam reforming were steam to DME molar ratio of 5 to 1 at a space velocity of 3600 ml/(g cat h). The system was run for 1 h then the product gas was cooled and dried before analyzing by the chromatograph (WUFENG GC522) equipped with a TCD detector and a Flame ionization detector (FID) detector. The steam reforming reaction performance over Cu-X/γ-Al 2 O 3 catalysts was evaluated by conversion of the CO 2 and selectivity CO, CH 4 . The representative values are given as follows: DME,in DME,out DME DME,in 100
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where X DME is DME conversion, S X (X = CH 4 , CO) are CH 4 selective and CO selectivity, F DME,,in and F DME,out are the inlet and outlet molar flow rates of DME, respectively. F H 2 are the molar flow rate of H 2 in the gas out reactant, F X,out (X = CH 4 , CO) are the molar flow rate of CH 4 or CO in the gas out reactant.
RESULTS
Effect of promoter on steam reforming of DME The low-intensity of reflection from crystallized ferric oxide phase allows us to assume that in 2Cu-Fe/9γ--Al 2 O 3 , ferric compounds are found in an X-ray amorphous or highly dispersed state [17] . The peaks of Co 3 O 4 crystals can be found in 2Cu-Co/9γ-Al 2 O 3 (Fiure 2a, d)). There is no peak of NiO, which may be existed in amorphous or microcrystal state. Figure 2b shows the results of the H 2 -TPR of the catalysts. Cu species are the main center of the activity for methanol steam reforming. It was reported that usually there are two CuO species in copper based catalysts, the highly dispersed CuO reacts at lower reduction temperature (peak α) and the bulk CuO species reacts at higher temperature (peak β) [18] . This 2Cu-X/9γ-Al 2 O 3 (X = Fe, Co, Ni) series show that introducing a second metal into the copper based catalyst change the copper reduction property. The change of the reduction temperature for bicomponent catalysts can be explained by the several possible factors: the dispersity of the copper oxide in the presence of the second metal, formation of mixed oxides (leading to changing the metal-oxygen bonds).
In the presence of the promoter Fe, Co and Ni, the reduction of dispersed CuO species all shifts to higher temperature (Table 1) . 2Cu-X/9γ-Al 2 O 3 (X = Fe, Co, Ni) was tested in steam reforming of DME at the condition of H 2 O to DME of 5:1, temperature of 400 °C and space velocity of 3600 ml g -1 h -1 in Figure 3 . All the catalysts show the DME conversions of >99%, while the hydrogen yield differ from each other. 2Cu/9γ-Al 2 O 3 achieved hydrogen yield of 93%, 2Cu-Ni/9γ-Al 2 O 3 and 2Cu--Co/9γ-Al 2 O 3 obtained 69 and 86%. The results obtained are in agreement with the H 2 -TPR profiles, according to which for 2Cu-Ni/9γ-Al 2 O 3 , 2Cu-Co/9γ--Al 2 O 3 and 2Cu/9γ-Al 2 O 3 , we observe an increase in the CuO reduction temperature. Usually the higher reduction temperature presents lower reducibility and catalytic activity [11] , whereas the 2Cu-Fe/9γ-Al 2 O 3 has the highest activity of H 2 yield 97% whose reduction temperature is slightly higher than 2Cu/9γ--Al 2 O 3 . It may be due to the presence of ferric oxides within the composition of the catalyst, which are active catalysts for the water-gas shift reaction. As a result, it leads to an increase in the conversion of CO to CO 2 and an increase in the hydrogen yield. The effect of ferric additives on the water-gas shift reaction has also been noted for Fe-Cu/ZrO 2 [17] , Ni--Fe/La 2 O 2 CO 3 [19] and Fe/Ca-Al 2 O 3 [20] . The addition of ferric promotes leading to the better catalytic performance and the lowest CO selectivity of 1.4% in the case of 2Cu-Fe/9γ-Al 2 O 3 . Therefore, the following study will focus on ferric as the promoter. Effect of microwave irradiation procedure on steam reforming of DME Effects of the IMI procedure on 2Cu-Fe/9γ-Al 2 O 3 were studied using different irradiation procedure with a total irradiation time of 100 s as described in the catalysts preparation part. A typical XRD pattern of CuO and Fe 2 O 3 crystal samples is shown in Figure  2c Table 1) .
For the 2Cu-Fe/9γ-Al 2 O 3 synthesized using 5 s intermittent irradiation, the average crystallite size of CuO and Fe 2 O 3 were 41.8 and 20.9 nm, respectively, significantly smaller than those synthesized in longer Further increasing the irradiation time leads to a lower DME conversion and hydrogen yield, and decreases the CO selectivity. Usually the micro structure such as BET, pore size distribution and high disperse CuO reduction property affect the catalyst activity. Since the microwave irradiation procedure has little influence on the BET and pore size distribution of the catalysts (Table 1) , it is the reducibility of CuO that affects the activity of 2Cu-Fe/9γ-Al 2 O 3 . 2Cu-Fe/9γ--Al 2 O 3 (5 s) achieve the >99% DME conversion, 97.5% hydrogen yield and 2.5% CO selectivity. The elevated catalytic property might be due to the highest ratio of dispersed CuO/bulk CuO of 1.79.
Influence of reaction condition over 2Cu-Fe/9γ-Al 2 O 3
The effect of temperature, steam to DME ratio and space velocity were investigated for the 2Cu--Fe/9γ-Al 2 O 3 ( Figure 5 ). The runs were conducted in a fixed bed reactor in the 300-400 °C range, as shown in Fig. 5a , where the DME conversion increases with the increase of the reaction temperature. γ-Al 2 O 3 typically shows an excellent DME hydrolysis activity at the temperature above 300 °C due to its moderate acid amount of weak acid strength [24] . The steam reforming reaction is a strong endothermic reaction. Increasing the reaction temperature will facilitate the reaction. Figure 5b shows the effect of steam to DME ratio on SRD over 2Cu-Fe/9γ-Al 2 O 3 . The DME conversion and hydrogen yield increases sharply from 51 and 45% to 95 and 92% as the stoichiometric ratio of steam to DME was 1 to 3. DME conversion and hyd- rogen yield flatten out as continued increasing the steam to DME ratio. The CO concentration clearly decreases when the steam to DME ratio was raised to 5. The hydrogen yield never reaches 100% for it is consumed by the reverse water-gas shift reaction [25] . Figure 5c shows the influence of space velocity on the catalytic activity. The DME conversion, hydrogen yield and CO decrease with the increase of space velocity. An over 99% DME conversion is seen in 3600 ml g -1 h -1 but only 46% in 18000 ml g -1 h -1 . The increase of the space velocity leads to an insufficient residence time for the catalytic reaction, which decreases the DME conversion and hydrogen yield.
Effect of weight ratio of γ-Al 2 O 3 to 2Cu-Fe on Steam reforming of DME γ-Al 2 O 3 and copper is used as the active component of the catalyst for DME hydrolysis and the steam reforming of methanol, respectively. The selection of appropriate ratio of γ-Al 2 O 3 to 2Cu-Fe will significantly improve the performance of the catalyst in the DME reforming reaction.
From the XRD patterns in Figure 2e loading, the CuO reduction peak is weakening and shifted to higher temperature. The CuO reduction peak of 2Cu-Fe/72γ-Al 2 O 3 is broader than that of 2Cu--Fe/36γ-Al 2 O 3 , indicating a higher dispersion of CuO in 2Cu-Fe/72γ-Al 2 O 3 . Meanwhile, as the Cu-Fe concentration decreases, CuO reduction peak shifts to higher temperature, which reveals that it enhances the interaction of CuO and γ-Al 2 O 3 . As discussed previously in part 3.2, the ratio of dispersed CuO and bulk CuO strongly affects the catalytic performance. 2Cu-Fe/72γ-Al 2 O 3 has the highest ratio of 4.03 presenting the best activity and selectivity ( Table 1 ).
The catalytic performance of different weight ratio of γ-Al 2 O 3 to Cu-Fe starts with 2Cu-Fe/9γ-Al 2 O 3 ( Figure 6 ). High γ-Al 2 O 3 content leads to high DME conversion and hydrogen yield at a temperature below 400 °C. When the reaction temperature reaches 400 °C, all the 2Cu-Fe/Yγ-Al 2 O 3 (Y = 9, 18, 36 or 72) catalysts achieve >99% DME conversion and >96% hydrogen yield. Moreover, the 2Cu-Fe/72γ--Al 2 O 3 catalyst presented the least CO selectivity of 1.4%. The CH 4 concentration in the outlet doesn't change in the temperature range of 300-400 °C (Figure 6d) , where usually methanation occurs in alumina-rich composite catalysts at above 350 °C [27] . ), b) steam to DME ratio (temperature = 400 °C, space velocity = 3600 ml g -1 h -1
) and c) space velocity (temperature = 400 °C, H 2 O/DME = 5/1) in DME steam reforming over 2Cu-Fe/9γ-Al 2 O 3 .
The best performance of 2Cu-Fe/72γ-Al 2 O 3 comes from: 1) its higher γ-Al 2 O 3 content, which is the effective component for DME hydrolysis; 2) the highest ratio of dispersed CuO to Bulk CuO. γ-Al 2 O 3 rich samples possess a large amount of acid sites, which result in high DME conversion; 3) the well dis- Figure 6e shows dimethyl ether conversion as a function of reaction time over the 2Cu-Fe/72γ-Al 2 O 3 catalyst. 2Cu-Fe/72γ-Al 2 O 3 had good stability over 50 h and dimethyl ether conversion stayed around 99%. The 2Cu-Fe/72γ-Al 2 O 3 catalyst had been stable at 400 °C, while usually ordinary Cu-supported catalysts were gradually deactivated [27] .
CONCLUSIONS
A series of 2Cu-X/γ-Al 2 O 3 (X = Fe, Co, Ni) catalysts were synthesized by a rapid intermittent microwave irradiation (IMI) technique for hydrogen generation in dimethyl ether (DME) steam reforming. The promoter of ferric oxides within the composition of 2Cu-Fe/γ-Al 2 O 3 are active catalysts for the water-gas shift reaction which leads to an increase in the conversion of CO to CO 2 and an increase in the hydrogen yield.
The preparation of 2Cu-Fe/γ-Al 2 O 3 catalysts by IMI technique changes the average crystallite size of Cu and Fe. The optimized IMI procedure is in the pulse form of 5 s-on and 5 s-off for 20 times. The 2Cu-Fe/72γ-Al 2 O 3 (5 s) catalyst provides >99% DME 
